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We propose a novel dark matter (DM) scenario based on a first-order phase transition in the early
universe. If dark fermions acquire a huge mass gap between true and false vacua, they can barely
penetrate into the new phase. Instead, they get trapped in the old phase and accumulate to form
macroscopic objects, dubbed Fermi-balls. We show that Fermi-balls can explain the DM abundance
in a wide range of models and parameter space, depending most crucially on the dark-fermion
asymmetry and the phase transition energy scale (possible up to the Planck scale). They are stable
by the balance between fermion’s quantum pressure against free energy release, hence turn out to
be macroscopic in mass and size. However, this scenario generally produces no detectable signals
(which may explain the null results of DM searches), except for detectable gravitational waves for
electroweak scale phase transitions.
I. INTRODUCTION
The particle origin of dark matter (DM) is a long-
standing mystery. Cosmological observations show
that DM contributes ∼27% of the total energy of
the universe [1], but none of the Standard Model
(SM) particles can serve as DM candidates [2]. New
weakly interacting massive particles (WIMPs) [3] with
the freeze-out mechanism has been the most popular
explanation for DM for several decades. However, the
continuously reported null results from the direct [4],
indirect [5] and collider [6] searches motivate new DM
paradigms beyond WIMPs.
Recently, there has been a growing number of studies
on the DM generated in association with a first-order
cosmic phase transition (FOPT). During a FOPT, the
discontinuity of the scalar vacuum expectation value
(VEV) could be crucial in DM physics, by altering the
decay of DM [7–9], by generating asymmetric DM [10–
18], by producing DM non-thermally [19], by filtering DM
to the true vacuum [20–22], and by condensing particles
into the false vacuum to form (scalar) Q-ball DMs [23, 24]
or quark (or quark-like fermion) nuggets [25–32] 1.
In this article, we propose a new mechanism in which
during a FOPT dark fermions are trapped inside the false
vacuum to subsequently form compact macroscopic DM
candidates, which we call “Fermi-balls”. This scenario
requires the following three conditions to be satisfied:
1. First, the fermion field needs to have a huge mass
gap between the false and true vacua compared to
the phase transition temperature, so that it cannot
∗ jeongpyonghong@ibs.re.kr
† sunghoonj@snu.ac.kr
‡ kpxie@snu.ac.kr
1 FOPTs can also happen in freeze-out [33–42] or freeze-in [43–46]
processes, potentially changing the thermal history of DM.
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FIG. 1. Sketch of the mechanism. (a), (b) True vacuum
bubbles (blue) emerge in the false vacuum background (white)
and grow up, collide and fulfill more and more space. (c) The
true vacuum has dominated the universe, however there is still
an O(1) fraction of volume occupied by the false vacuum;
fermions and anti-fermions are trapped in those remnants.
(d) Vacuum pressure shrinks the false vacuum remnants
into tiny objects, and all anti-fermions are annihilated away.
Finally, stable Fermi-balls with net Q-charge are formed.
penetrate into the true vacuum due to energy
conservation, hence are trapped in the false one.
2. Second, there should be an asymmetry of the
number density between dark fermions and anti-
fermions, so that excess fermions survive from
pair annihilations, congregate and construct Fermi-
balls.
3. Third, the fermion field should carry a conserved
global U(1)Q charge so that the Fermi-ball accu-
mulates a net Q-charge ensuring its stability.
Each condition is met in a wide varieties of new physics
models. The mechanism is illustrated in Fig. 1 2.
2 We use “bubbles” to represent objects that contain the true
vacuum, while “remnants” for objects with the false vacuum.
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2The Fermi-ball has several novelties compared to other
similar mechanisms. First, it is made of fermions, while
a Q-ball [47] – which also localizes conserved charges in
small objects – is made of scalars. This leads to different
profiles as will be shown. Although fermions can also
be trapped by domain walls [48–50] so that the surface
tension dominates the free energy release suppressed by
fine-tuned degenerate minima, the Fermi-ball formation
is dominated by large free energy release which is more
natural in strong FOPTs.
In Section II, we present a basic model framework
realizing all three conditions. Based on it, intermediate
physics of the Fermi-ball formation is discussed, starting
from the trapping in Section III, then supercooling in
IV A, stable Fermi-ball formation in IV B, and finally
Fermi-ball DM properties in IV C. We demonstrate the
Fermi-ball scenario using a toy model with example full
numerical results in Section V, and investigate possible
detectable signals of the gravitational waves (GWs) in
Section VI. We summarize in Section VII. ~ = c = 1 is
adopted throughout this paper.
II. BASIC SETUP
Consider a real scalar field φ. Its thermal potential
U(φ, T ) triggers a FOPT from 〈φ〉 = 0 to 〈φ〉 = w(T )
at a temperature T below the critical temperature Tc.
During the FOPT, vacuum bubbles containing the new
phase emerge and expand in the universe, and 〈φ〉 varies
smoothly from w(T ) to 0 on the bubble wall. A more
detailed description of (supercooling) FOPTs relevant to
this work will be provided in Section IV A.
Let χ be a dark Dirac fermion with the Lagrangian
L ⊃ χ¯i/∂χ− gχφχ¯χ, (1)
which enjoys a global U(1)Q symmetry with the Q-charge
+1 for χ. Eq. (1) implies that χ is massless in the false
vacuum, while acquiring a mass Mχ(T ) = gχw(T ) in the
true vacuum. The first condition in the Introduction is
expressed as
M∗χ = gχw∗  T∗, (2)
which makes most χ’s fail to penetrate into the true
vacuum because their average kinematic energy is O(T∗).
The subscript ∗ implies that the parameters and the
condition are defined at T∗ at which Fermi-balls start
to form; T∗ is below Tc and will be defined later. Eq. (2)
can be realized by either large w∗/T∗ (supercooling) [51–
55] or strong gχ  1 [56, 57]; but as will be shown, the
supercooling with gχ ∼ O(1) is good enough for Fermi-
ball DM scenarios. Examples of dark fermions acquiring
a large mass in the true vacuum can be found in Refs. [58–
60].
The U(1)Q symmetry of Eq. (1) ensures the stability
of Fermi-balls with a net Q-charge (the third condition);
in other words, χ does not decay. However, if this were
the exact symmetry at all energy scales, there could not
have been an asymmetry between χ and χ¯ so that no
χ can survive from the pair annihilation χχ¯→ φφ when
the false vacuum remnants shrink (the second condition).
The key point of the solution is that the U(1)Q is a
good symmetry at low energy/temperature while it was
broken at some high energy scale. At this high energy, the
asymmetry can be generated by various asymmetric DM
mechanisms [61–63], independently from other sectors
of the model; one concrete example similar to the
leptogenesis is presented in Appendix A. In the main part
of this work, it is just good enough to parametrize the
χ-asymmetry as
ηχ = cχηB , (3)
where ηB ∼ 10−10 is the baryon asymmetry, and cχ
is a free parameter which can be easily very small, at
least O(0.01) relevant to the toy model in this work; see
Appendix A.
For Fermi-balls to be abundantly formed, χ must be
in the thermal bath before the FOPT. Provided that gχ
is not feeble (always satisfied by the stability condition,
as will be shown), χ can be in equilibrium with φ via
χχ¯ ↔ φφ. Further, φ can be in equilibrium with the
SM particles via scalar portal couplings, e.g. φ2h2 [64–
66] with h being the SM Higgs. In the meantime, those
couplings also make φ disappear from the false vacuum
after the FOPT, e.g. through pair annihilations φφ→ hh
or φφ → ff¯ to SM fermions or through decays φ → hh
or φ → ff¯ , so that only χ’s survive and accumulate in
the false vacuum. The φ-portal coupling is assumed to
be strong enough for these to happen, while weak enough
not to affect the FOPT and SM-like Higgs couplings [20].
With these basic setups and ingredients, we discuss
Fermi-ball physics in the following sections, later with
full numerical results for a toy model.
III. TRAPPING FERMIONS IN FALSE
VACUUM
The trapping efficiency can be calculated by investi-
gating the kinematics around the expanding bubble wall.
The free energy difference ∆U∗ between the true and false
vacua pushes the bubble to expand, while the reflection
of particles on the wall acts as a pressure P that tends
to stop the expansion. When the balance between them
P = ∆U∗ is achieved, the bubble reaches its terminal
velocity vb. It can be solved numerically for a given
model [21, 67–70], but in this paper it will be treated
as a free parameter of O(0.1). If the bubble radius is
much larger than wall thickness, the vicinity of the wall
can be treated as a one-dimensional problem: the wall
is parallel to the Oxy plane and moving along the z-axis
with the velocity vb.
Outside the bubble is the false vacuum (f.v.), in which
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FIG. 2. The fraction of χ trapped inside the false vacuum.
χ is massless and in thermal equilibrium, i.e.
f f.v.χ (p) =
1
e(|p|−µχ)/T∗ + 1
, (4)
where µχ is the chemical potential. The number density
of χ is given by
nf.v.χ = 2
∫
d3p
(2pi)3
f f.v.χ (p) ≈
3ζ(3)
2pi2
T 3∗ +
µχ
6
T 2∗ . (5)
In the wall rest frame, the χ distribution is
f˜ f.v.χ (p) =
1
e(γb|p|+γbvbpz−µχ)/T∗ + 1
, (6)
where γb = (1 − v2b )−1/2 is the Lorentz factor. Only χ
with −pz > M∗χ can pass across the wall, due to the
energy conservation. The particle current per unit area
and unit time is then [21]
J˜χ = 2
∫
d3p
(2pi)3
−pz
|p| f˜
f.v.
χ (p)Θ(−pz −M∗χ), (7)
where Θ is the Heaviside step function. The particle
current can be transformed into the plasma frame by
multiplying a time dilation factor Jχ = J˜χ/γb. The
number density of χ penetrating into the true vacuum
is npene.χ = Jχ/vb. This derivation is valid only when
npene.χ  nf.v.χ such that the χ in the false vacuum can be
approximated to be in equilibrium.
The fraction of χ trapped in the false vacuum is
F trap.χ = 1−
npene.χ
nf.v.χ
. (8)
The trapping fraction of χ¯ can be obtained by replacing
µχ → −µχ. But the difference is negligible during
trapping. If the χ-asymmetry (from Eq. (5))
ηχ ≡
(
nf.v.χ − nf.v.χ¯
)
/s∗ =
15µχ
2pi2g∗T∗
, (9)
with s∗ = 2pi2g∗T 3∗ /45 and g∗ being the entropy density
and number of relativistic degrees of freedom at T∗
respectively, is not far away from ηB = 0.9× 10−10 [71],
g∗ ∼ 100 yields small µχ/T∗ ∼ 10−8, thus can be ignored.
Therefore, F trap.χ ≈ F trap.χ¯ .
Fig. 2 shows the trapping fraction as a function of
M∗χ/T∗ for different vb. For a reasonably large M
∗
χ/T∗ &
O(1) and relativistic vb ∼ O(0.1), the trapping is very
efficient with the fraction close to 100%. For a given
M∗χ/T∗, the fraction decreases with vb because χ in
the wall frame becomes more energetic, having higher
probability to penetrate the mass barrier.
IV. THE FERMI-BALL DM
A. Formation of Fermi-ball
Starting from the general description of the steps of a
FOPT, we define characteristic temperatures including
the Fermi-ball formation temperature T∗. Generally
speaking, a FOPT is the vacuum decay between two
local minima, 〈φ〉 = 0 and 〈φ〉 = w(T ). At the
critical temperature Tc, the two minima are degenerate,
separated by a barrier. As temperature falls below Tc,
the 〈φ〉 = w(T ) phase becomes the new global minimum
(true vacuum) and the universe starts decaying to it. The
decay rate per unit volume reads [72]
Γ(T ) ≈ T 4e−S3(T )/T , (10)
with S3(T ) being the action of the O(3) symmetric
bounce solution.
Once the vacuum transition probability in a Hubble
volume and a Hubble time reaches O(1), the bubble
nucleation becomes efficient
Γ(Tn)H
−4(Tn) ≈ 1, (11)
defining the nucleation temperature Tn. H(T ) is the
Hubble constant
H2(T ) =
8pi
3M2Pl
(
pi2
30
g(T )T 4 + ∆U(T )
)
, (12)
with MPl = 1.22 × 1019 GeV being the Planck scale,
g(T ) being the number of relativistic degrees of freedom,
and ∆U(T ) being the (positive definite) potential energy
difference between true and false vacua
∆U(T ) = U(0, T )− U (w(T ), T ) . (13)
The ∆U(T ) in Eq. (12) is usually ignored because
normally such energy release from a phase transition
is much smaller than the universe’s radiation energy.
However, the supercooling FOPT favored in our scenario
is the delayed onset of the nucleation compared to the
critical point, i.e. Tn  Tc, which consequently produces
large ∆U(Tn). The released energy can be as large as
the universe’s energy but should not reheat the universe
too much; otherwise, Fermi-balls can be melted and
destroyed.
4The size of the bubbles are negligible right after
nucleation, but they expand quickly with the wall
velocity vb. As a result, the volume occupied by the
old phase decreases with temperature. This can be
quantitatively described by the fraction of the volume
that remains in the old phase [73]
p(T ) = e−I(T ), (14)
where the exponent I(T ) is defined as
I(T ) =
4pi
3
∫ Tc
T
dT ′
Γ(T ′)
T ′4H(T ′)
[∫ T ′
T
dT˜
vb
H(T˜ )
]3
. (15)
It is expected that p(T )→ 0 as the FOPT proceeds and
completes.
The temperature that the bubbles are sufficient to form
an infinite connected cluster is called the percolation
temperature Tp, which satisfies p(Tp) = 0.71 [74],
corresponding to I(Tp) = 0.34. This is also commonly
adopted as the temperature at which FOPT GWs are
produced [75–79].
After percolation, the fraction of old phase remnants
keeps decreasing. Based on the numerical result in
Ref. [74], we define the lowest temperature at which
“old phase remnants can still form an infinite connected
cluster” as T∗, which satisfies p(T∗) = 1 − p(Tp) = 0.29,
corresponding to I(T∗) = 1.24.
T∗ is also the temperature at which Fermi-balls start to
form. Just below T∗, the old phase still occupies a sizable
fraction ∼ 0.29 of the whole universe, but it is separated
in many “false vacuum remnants”. Those remnants
might split into smaller pieces before they eventually
shrink to tiny size to be Fermi-balls. The critical size
R∗ of a remnant at the end of the splitting (and hence at
the beginning of the shrinking) is the one that shrinks to
negligible size before another bubble containing the true
vacuum is created inside it [23]. This means
Γ(T∗)V∗∆t ∼ 1, V∗ = 4pi
3
R3∗, (16)
where ∆t = R∗/vb is the time cost for shrinking. The
number density of the remnants n∗FB satisfy n
∗
FBV∗ =
p(T∗) so that it can be written as
n∗FB =
(
3
4pi
)1/4(
Γ(T∗)
vb
)3/4
p(T∗). (17)
The Q-charge trapped in a remnant is
Q∗FB = F
trap.
χ
cχηBs∗
n∗FB
. (18)
Since nFB/s and QFB do not change during the adiabatic
evolution of the universe, at present universe they are
nFB =
n∗FB
s∗
s0, QFB = Q
∗
FB, (19)
where s0 = 2891.2 cm
−3 is the cosmic entropy density
today [71].
B. Stability and profile of Fermi-ball
At present universe (T ≈ 0), the energy of a Fermi-ball
with global charge QFB and radius R is [48]
E =
3pi
4
(
3
2pi
)2/3
Q
4/3
FB
R
+ 4piσ0R
2 +
4pi
3
U0R
3, (20)
where the first term is the Fermi-gas pressure of the
χ constituents, σ0 the surface tension, and U0 ≡
∆U(T )|T=0. In our scenario, the surface term is
negligible compared to the volume one because a Fermi-
ball turns out to be of macroscopic size. By minimizing E
with respect to the radius, i.e., by solving dE/dR|RFB =
0, we obtain the mass and radius of a Fermi-ball
MFB = E
∣∣
R=RFB
= QFB
(
12pi2U0
)1/4
,
RFB = Q
1/3
FB
[
3
16
(
3
2pi
)2/3
1
U0
]1/4
. (21)
The Fermi-ball is stable if
dMFB
dQFB
< Mχ ≡ gχw0, d
2MFB
dQ2FB
6 0, (22)
where w0 ≡ w(T )|T=0. The first condition implies
that a χ has smaller energy inside the Fermi-ball than
outside; and the second one implies that the χ’s energy
inside the ball becomes smaller for a larger total charge,
energetically favoring a larger ball for a given total charge
or being stable against the fission into smaller balls. The
second condition is automatically satisfied.
Given a scalar potential U(φ, T ), it is convenient to
rewrite Fermi-ball profiles in Eqs. (19) and (21) in terms
of the action at T∗. Since Γ(T∗)/T 4∗ ≈ e−S3(T∗)/T∗ , the
mass, radius and charge of a Fermi-ball are rewritten as
MFB ≈ 4.84× 1011 kg × F trap.χ
( cχ
0.0146
)( U1/40
100 GeV
)
×
( vb
0.6
)3/4
exp
{
3
4
(
S3(T∗)
T∗
− 140
)}
, (23)
RFB ≈ 1.08×10−6 m×
(
F trap.χ
cχ
0.0146
)1/3(100 GeV
U
1/4
0
)
×
( vb
0.6
)1/4
exp
{
1
4
(
S3(T∗)
T∗
− 140
)}
, (24)
QFB ≈ 8.26× 1035 × F trap.χ
( cχ
0.0146
)( vb
0.6
)3/4
× exp
{
3
4
(
S3(T∗)
T∗
− 140
)}
. (25)
5The number density of Fermi-balls is
nFB ≈ 4.60× 10−39 m−3 ×
(
0.6
vb
)3/4
× exp
{
−3
4
(
S3(T∗)
T∗
− 140
)}
. (26)
The normalization factor “0.0146” for cχ will be
explained very soon in the next subsection. The
number “140” used in the exponent is motivated by
that S3(T∗)/T∗ = 140 is the typical nucleation threshold
for an electroweak scale FOPT in a radiation-dominated
universe [80, 81]. However, as emphasized, the released
energy can be important in our scenario, so that the
threshold S3(T∗)/T∗ can be sizably different from 140.
As (S3(T∗)/T∗ − 140) is in the exponent, its deviation
from 0 gives a huge impact on Fermi-ball profiles. The
pre-factors in Eqs. (23)–(26) can be poor estimates for
Fermi-balls; rather, for a given model, one should derive
S3(T∗)/T∗ to get the real values of the profile.
Finally, as an aside, it is useful to compare the Fermi-
ball with the well-known Q-ball. Q-balls also localize
conserved charges in small objects but are made of scalar
particles. As a result, they have MQB ∝ Q3/4QB and
RQB ∝ Q1/4QB [23], different from Eq. (21). This means
that a Fermi-ball is typically heavier and larger than a
Q-ball for a given amount of localized Q-charge. It can be
understood as fermions tend to occupy larger space and
more excited energy states due to the Pauli exclusion
principle; indeed, the difference technically comes from
the different quantum pressure term of the ground-state
condensation of scalar particles ∝ QQB/R compared to
the fermion’s Q
4/3
FB /R in Eq. (20). In other words, the
mass density of a single Fermi-ball
MFB
(
4pi
3
R3FB
)−1
= 9.15× 1028 kg/m3
×
(
U
1/4
0
100 GeV
)4
, (27)
is typically smaller than that of a Q-ball with ∼
1036 kg/m
3
[23]. Although both are much denser than
a neutron star with a density ∼ 1017 kg/m3, Fermi-
balls and Q-balls are not black holes as they are much
larger than their Schwarzschild radii; for example, the
Schwarzschild radius of a Fermi-ball with MFB = 10
11 kg
' 10−19M in Eq. (23) is only ∼ 10−16 m RFB = 10−6
m.
C. Fermi-ball DM abundance
The relic density of Fermi-balls is
ΩFBh
2 =
nFBMFB
ρc
h2, (28)
where ρc = 3H
2
0M
2
Pl/(8pi) and H0 are respectively the
critical energy density and Hubble constant today, and
h = H0/(100 km · s−1 · Mpc−1). Using Eq. (19) and
Eq. (21), we obtain
ΩFBh
2 = 0.12× F trap.χ
( cχ
0.0146
)( U1/40
100 GeV
)
, (29)
where we have used the observed DM relic density
ΩDMh
2 = 0.12 [1, 71] to normalize the expression.
Notably, the exponential factors cancel out due to the
QFB dependence ofMFB in Eq. (21), a particular result of
the fermion nature of constituents; scalar Q-balls do not
show this. After all, to explain the full DM abundance,
we must have F trap.χ ∼ 1 and cχU1/40 ∼ 1.46 GeV.
Obviously, this is possible in a large range of parameter
space, in principle up to the Planck scale.
In addition to Eq. (29) from Fermi-balls, however,
there are other contributions to the dark matter relic
density from free χ fermions outside Fermi-balls, i.e. in
the true vacuum. The free χ contributions consist of
two parts: one is the fermions that escape from the
false vacuum with F trapχ < 1 and hence asymmetric in χ
and χ¯, and the other is the thermally produced fermions
via process φφ → χχ¯ and hence symmetric. We have
checked that the interaction −gχχ¯χφ is always in thermal
equilibrium for gχ & 1 and M∗χ/T∗ . 25. If this thermal
contribution is dominant, the free χ’s will experience the
normal freeze-out process, yielding a relic abundance [2]
(Ωfreeχ + Ω
free
χ¯ )h
2 ≈ 2.55× 10
−10 GeV−2
〈σv〉
≈ 0.11× 1
g4χ
(
Mχ
1 TeV
)2
. (30)
If, however, the escaping part is dominant, the relic
abundance is given by the excess of χ over χ¯,
Ωfreeχ h
2 = (1− F trap.χ )cχηBs0Mχ (31)
= 0.036×
(
1− F trap.χ
0.1
)( cχ
0.0146
)( Mχ
1 TeV
)
,
and Ωfreeχ¯ h
2 = 0.
V. A TOY MODEL: φ3-INDUCED FOPT
In this section, we work out and demonstrate a Fermi-
ball DM scenario using a toy model. In addition to the
basic setup in Section II, the model has a φ potential
U(φ, T ) =
1
2
(µ2 + c T 2)φ2 +
µ3
3
φ3 +
λ
4
φ4, (32)
where c > 0 denotes the thermal mass correction from
light degrees of freedom, e.g. φ itself (heavier field
contributions are Boltzmann suppressed), while thermal
corrections to other terms are assumed to be smaller than
6the tree-level ones. If µ2 > 0, µ3 < 0 and λ > 0, the
potential has two local minima at T = 0
〈φ〉 = 0, 〈φ〉 = w0 = 1
2λ
(
−µ3 +
√
µ23 − 4λµ2
)
,
(33)
separated by a tree-level induced barrier from the
renormalizable operator φ3 [82]. Using w0 and M
2
φ ≡
d2U(φ, T )/dφ2|T=0,φ=w0 , we rewrite µ2 and λ as
µ2 = −1
2
(
M2φ + µ3w0
)
, λ =
1
2w0
(
M2φ
w0
− µ3
)
. (34)
Note that the positive µ2 grows with the negative µ3,
which is considered in the range
− 3M
2
φ
w0
< µ3 < −
M2φ
w0
, (35)
where the upper limit is for a positive µ2 so that the
barrier still exists at T = 0 (actually, this is not necessary,
but is useful for a large w∗/T∗), while the lower limit
ensures a global minimum at φ = w0.
The critical temperature and VEV are
Tc =
1
3
√
2c
√
9M4φ − µ23w20
M2φ − µ3w0
,
wc ≡ w(Tc) = Tc −4µ3w
2
0
3M2φ − 3µ3w0
. (36)
Although Tc exists for any µ3 in the range Eq. (35), it
turns out that nucleation may fail if |µ3| is too large. The
action of the bounce solution of the potential in Eq. (32)
can be derived analytically [83]
S3(T )
T
=
123.48(µ2 + c T 2)3/2
23/2Tµ23
f
(
9(µ2 + c T 2)λ
2µ23
)
,
(37)
where
f(u) = 1 +
u
4
(
1 +
2.4
1− u +
0.26
(1− u)2
)
. (38)
For a numerical study, a particularly interesting
parameter space that can explain the full DM abundance
is (from Eq. (29))
U0 ∼ (100 GeV)4, cχ ∼ 0.01. (39)
As will be discussed in the next section, the 100 GeV scale
can typically yield stochastic GWs at milli-Hz frequency,
relevant to the future space-based missions. Lower scales
may be constrained by Higgs physics and various LHC
searches, while higher scales may require too small cχ for
the DM abundance. Further, we focus on the following
benchmark parameters
w0 = 400 GeV, Mφ = 100 GeV, c = 0.4, (40)
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FIG. 3. The characteristic temperatures Tc, Tn, Tp, and T∗
of the FOPT in the benchmark model with parameters in
Eq. (40). The supercooling is apparent from the delayed onset
of the nucleation, i.e. Tn  Tc. But for µ3 . −30 GeV,
nucleation fails although Tc exists. Also shown in the magenta
dashed curve is w∗/T∗. vb = 0.6 is adopted in the calculation.
which yield U0 ' (100 GeV)4. We scan µ3 over the range
in Eq. (35), which is numerically [−75,−25] GeV for this
benchmark. But by plugging Eq. (37) into Eq. (11), we
find that nucleation Tn cannot be solved for µ3 . −30
GeV, partly because the potential barrier becomes too
high. Then using Eq. (14) and (15), we obtain the
fraction of the false vacuum volume p(T ), and derive Tp
and T∗ by requiring p(T ) = 0.71 and 0.29 3.
Fig. 3 shows the resulting characteristic temperatures
Tc, Tn, Tp and T∗ in the benchmark as functions of µ3.
The supercooling is apparent from the large difference
between Tc and Tn, i.e., the delayed onset of nucleation.
Its strength increases with |µ3| again because it yields
higher barrier and deeper true minimum.
In the same Fig. 3, also plotted in the magenta curve is
w∗/T∗. It ranges from 6 to 14 for the given range of µ3 so
that gχ ∼ O(1) is sufficient for M∗χ = gχw∗  T∗ (hence,
large F trap.χ ); w∗/T∗ also measuring the strength of the
FOPT grows with |µ3|, which is consistent with more
delayed onset of nucleation. The first stability condition
in Eq. (22), gχw0 > (12pi
2U0)
1/4, is also satisfied for
gχ & 0.82. Thus, the supercooling with reasonable
gχ ∼ 1 can produce stable Fermi-balls. Their properties
in Eqs. (23)–(26) vary in the range (for µ3 = −30 ∼ −25
GeV)
nFB = 1.1× 10−37 m−3 ∼ 9.3× 10−34 m−3,
QFB = 3.9× 1034 ∼ 4.0× 1030,
MFB = 2.4× 1010 kg ∼ 2.6× 106 kg,
RFB = 3.7× 10−7 m ∼ 1.8× 10−8 m, (41)
3 The physical volume of the false vacuum, a3(T )p(T ) with a(T )
being the scale factor in the Robertson-Walker metric, eventually
decreases to zero with temperature, completing the FOPT [84].
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FIG. 4. The fraction of Fermi-ball’s contribution to the total
DM abundance (red solid). The total abundance Ωtoth
2 from
Fermi-balls and free χ’s is fixed to 0.12 by choosing a proper
cχ. Also overlaid are F
trap.
χ contours (blue solid) for reference.
For gχ . 0.82, Fermi-balls are unstable. vb = 0.6 is adopted
in the calculation.
which are only a few orders of magnitudes different from
the pre-factors in Eqs. (23)–(26). They are macroscopic
compared to individual constituents. Their astrophysical
signals will be discussed in the next section.
The benchmark Fermi-balls can explain the full
abundance ΩFBh
2 = 0.12 for some cχ near 0.01.
Accounting for subdominant contributions from free χ’s
and choosing a proper cχ to set the total abundance
Ωtoth
2 = ΩFBh
2 + Ωfreeχ h
2 + Ωfreeχ¯ h
2 = 0.12, we show the
fraction of Fermi-ball’s contribution ΩFB/Ωtot in Fig. 4
as a function of µ3 and gχ. For gχ & 0.82 with stable
Fermi-balls, the Fermi-ball fraction is generally high
above 80 ∼ 90%. It increases with F trap.χ (equivalently
with |µ3|) because the escaping contribution in Eq. (31)
becomes smaller; and increases also with gχ as the
thermal contribution in Eq. (30) is suppressed by efficient
annihilations.
VI. SIGNALS OF FERMI-BALL DM
A. Absence of DM signals
The number density of Fermi-balls is extremely small.
With nFB = 10
−39 m−3 from Eq. (26), the number of
Fermi-balls passing through a detector with size L = 10
m is only nFBvDML
2 ∼ 10−24/year, where vDM ∼ 10−3
is the virial velocity of a galaxy. Even considering a
reasonable exponential factor in Eq. (26), it is unlikely to
observe Fermi-balls in any direct detection experiments.
On the other hand, the free χ may have direct detection
signals if φ has a portal mixing with the SM Higgs
boson, but this is suppressed by a small mixing angle
and (1 − F trap.χ ). From another point of view, this can
explain the null results from direct detection experiments
so far 4.
Furthermore, although macroscopic in size and mass
compared to constituent particles, Fermi-balls cannot
induce interesting astrophysical signals either. They are
still much lighter (10−20M ∼ 10−24M in Eq. (41))
than even most of the largest asteroids in the solar
system, while being much farther away. They are not
so compact (much bigger than their Schwarzschild radii)
that their gravitational effects are diluted. They are
so sparsely distributed that their accidental coalescence
or confront with other astrophysical structures are
rare. Therefore, no astrophysical signals are generally
expected.
It is unlikely that Fermi-ball itself produces detectable
signals. In this section, we investigate a detectable signal
from a FOPT – the stochastic phase transition GWs – in
the toy model.
B. Stochastic GW
A FOPT produces stochastic GWs via bubble colli-
sions, sound waves and turbulence in the plasma [86].
GWs are assumed to be produced at the percolation
temperature Tp. In general, the GW energy density
spectrum ΩGW(f) = ρ
−1
c dρGW/d ln f (with ρc,GW being
the universe’s critical and GW energy densities) can
be expressed as numerical functions of two effective
parameters [81, 87, 88]: (i) the ratio of the phase
transition latent heat to the universe’s radiation energy
density
α =
(
∆U(Tp) + T
∂U(φ, T )
∂T
∣∣∣
Tp
)
ρ−1R (Tp), (42)
(ii) the inverse ratio of the time scales of the FOPT and
the Hubble expansion, β/H(Tp), where
β = H(Tp)Tp
d
dT
(
S3(T )
T
) ∣∣∣
T=Tp
. (43)
α is related to the strength of the GWs, while β to the
inverse duration of the FOPT, hence the characteristic
frequency of the GWs.
This general description, however, requires a modifi-
cation in our case with significant supercooling. First,
since the φ’s vacuum energy is important in the Hubble
constant during a FOPT, the radiation dominance and
adiabatic expansion assumed above may not be exact.
In addition, since S3(T )/T may change rapidly with T ,
expanding this linearly in T around Tp may not be a good
4 Although there have been several reports of possible detections
such as the most recent XENON1T excess of the electron recoil
in the keV region [85], their verifications as well as DM origins
are under serious disputes both experimentally and theoretically.
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FIG. 5. FOPT GW spectra ΩGW(f) in the benchmark model
with Eq. (40) for three chosen values of µ3 = −30,−27.5
and −25 GeV. The sensitivity curves of future detectors are
overlaid. vb = 0.6. GW peaks are determined by sound waves,
while high-frequency tails are modified by turbulence.
approximation. It was suggested that β/H(Tp) must be
replaced more generally by [75–79]
β
H(Tp)
→ (8pi)
1/3
H(Tp)R¯
vb, (44)
where R¯ is some relevant length scale of bubbles [89],
which in this study we use the mean separation of bubbles
Rp at Tp [79]. In all, we use formulae in [81, 87] with
this replacement to calculate ΩGW(f), and take the finite
duration of sound waves period into account. The energy
budget of FOPT is calculated using the numerical results
in Ref. [90].
It turns out that GW peaks are determined by
sound waves, while high-frequency tails are modified by
turbulence. Since the bubble wall reaches its terminal
velocity vb rapidly, only a tiny fraction of released energy
is transferred to the wall, making the bubble collision
contribution negligible. Rather, most energy pumped
into the fluid around bubbles makes the sound wave a
dominant source of the GWs [77]. As the sound wave
period usually lasts shorter than a Hubble time [77–
79, 91, 92], after that non-linear fluid motions can source
further GWs via turbulence.
Fig. 5 shows the GW spectra for the benchmark
parameters with three chosen values of µ3 = −30,−27.5,
and −25 GeV, overlaid with the sensitivity curves of
future detectors. Above all, it is clear that observable
GW signals at milli-Hz frequencies are possible, for the
weak-scale phase transition. The mHz scale is relevant
to the next-generation space-based GW detectors such
as LISA [93], BBO [94], TianQin [95, 96], Taiji [97, 98]
or DECIGO [99, 100]. GWs are enhanced for larger |µ3|,
as the supercooling is more significant. Quantitatively,
for µ3 = −30 ∼ −25 GeV, the parameter α = 6.2 ∼ 0.6
(varying from ultra supercooling to strong supercooling
as classified in Ref. [79]). These are not negligible in
the Hubble expansion rate near the phase transition
temperature as discussed, but they reheat the universe
only by a factor of (1+α)1/4 . 1.6, hence safe. For larger
µ3 > −25 GeV, although the FOPT weakens with smaller
w∗/T∗ < 6 producing weaker GWs, the Fermi-ball DM
scenario can still work with a stronger (but perturbative)
gχ.
Also can be seen in the figure is that the stronger
the supercooling is, the later the GW is produced,
hence at the lower frequencies. The peak frequency
can be estimated in the case of FOPTs with α . 1.
From Eq. (11), the nucleation/percolation happens when
S3(Tp)/Tp ' 4 ln g1/2p MPl/Tp ∼ 100 for Tp ∼ 100 GeV
with radiation-dominance. If S3(T )/T varies slowly
(or, logarithmically) with T near Tp, Eq. (43) yields
β/H(Tp) ∼ S3(Tp)/Tp ∼ 100. With the characteristic
GW frequency fp ∼ Rp ∼ β/vb, this can be translated
into the peak frequency observed today [81, 87],
f0 = fp
ap
a0
∼ β
vb
(
g0
gp
)1/3
T0
Tp
' 1
vb
( gp
100
)1/6 Tp
100 GeV
β/H(Tp)
100
mHz. (45)
Fig. 5 shows that such estimation is still approximately
good for relatively strong supercooling cases with µ3 =
−27.5 and −25 GeV. But for the ultra supercooling
with µ3 = −30 GeV, the estimation breaks down more
severely (radiation-dominance, adiabatic expansion, and
slow variation of S3(T )/T all may break down) so that
the actual β/H(Tp) turns out be much smaller (Tp is also
smaller), yielding an order-of-magnitudes smaller peak
frequency. If the supercooling becomes even stronger
with larger |µ3|, the β/H(Tp) . 1 becomes too small
to induce nucleation.
The detection of such stochastic GWs, albeit very
exciting, does not necessarily imply a Fermi-ball DM
scenario. The GW properties depend only on the
φ potential, while Fermi-ball DM scenarios depend
additionally on gχ. Moreover, Fermi-ball DM scenarios
can be realized in a much larger parameter space (that
may not produce detectable GWs) than considered in
this section.
VII. SUMMARY
We have developed a new DM scenario, where Fermi-
balls formed during a strong FOPT can be the DM
candidate. The DM abundance can be explained in
a large range of parameter space, determined most
crucially by the χ-asymmetry and the FOPT scale
through Eq. (29). The necessary conditions and
ingredients for Fermi-ball DM have been discussed in
the general context and demonstrated in a toy model,
so that the mechanism is expected to be applied to a
wide varieties of new physics models.
9The Fermi-ball formation has to start with efficient
trapping of χ in the false vacuum, which favors a FOPT
with supercooling and a moderate size of gχ. Then the
Fermi-ball’s overall number density is determined solely
by the phase transition, while each Fermi-ball’s stability
and mass arise from the interplay of χ’s quantum pressure
and φ’s free energy. Its extensive profiles then exhibit
characteristic dependences on QFB encoding the fermion
nature of its constituents, which are thus different from
those of Q-balls made of scalars.
The Fermi-ball DM scenario generally produces no
detectable signals. Although macroscopic in size and
mass, the Fermi-ball is still too small, diffuse and
sparsely distributed to induce interesting signals in both
terrestrial and astrophysical labs. But in the parameter
space with a ∼ 100 GeV energy scale in the FOPT,
resulting stochastic GWs will be detectable at the next-
generation space-based missions. The detection of GWs,
however, does not necessarily imply a Fermi-ball DM
scenario. Nevertheless, the discovery of a FOPT by the
observation of stochastic GWs would make such a DM
scenario more worth considering.
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Appendix A: Generating an excess for χ
The χ-asymmetry can be obtained by using one of
the mechanisms reviewed in Refs. [61–63]. For example,
it can be generated non-perturbatively by the U(1)Q-
breaking sphaleron process during the FOPT. After the
phase transition, the sphaleron is frozen thus U(1)Q is
conserved again but net Q-charge has been accumulated
in the universe [10–18]. This scenario is analogous to
electroweak baryogenesis. On the other hand, there
are mechanisms analogous to leptogenesis, where the χ-
excess comes from out-of-equilibrium decays of heavy
particles; see Refs. [101–103] and more references in the
review [63].
In this article, we adopt the leptogenesis-style scenario
as the benchmark mechanism to get excess of χ. The
S
χ
ν1R
S
χ
ν1R
`mL
H
νkR
S
χ
ν1R
`mL
H
νkR
FIG. 6. Feynman diagrams generating the width asymmetry
of ν1R → χS, hence the number asymmetry of χ. CP -violating
effects come from complex Higgs couplings.
relevant Lagrangian reads
L ⊃ ν¯iRi/∂νiR −
∑
j
1
2
Mj
(
νcR
j
νjR + h.c.
)
−
∑
i,j
λijν
¯`i
LH˜ν
j
R −
∑
j
λjχχ¯LSν
j
R + h.c., (A1)
where νjR is the right-handed neutrino, `
i
L is the SM left-
handed lepton doublet, and H˜ is the charge conjugate
of the SM Higgs. The first term of the second line in
Eq. (A1) is nothing but the standard Yukawa interaction
of the leptogenesis mechanism [104–107], and it gives the
decay width asymmetry [104]
` =
1
Γν1R
[
Γ(ν1R → `H)− Γ(ν1R → ¯`H∗)
]
=
1
Γν1R
∑
k 6=1
−3M1
128pi2
M1
Mk
Im
[
(λ†νλν)
2
1k
]
, (A2)
where we only consider the lightest right-handed neutrino
(denoted as ν1R), because it dominates the leptogenesis.
The width asymmetry comes from the imaginary part of
the couplings λijν , which characterizes the CP violating
effect.
The second term in the second line of Eq. (A1) involves
the interaction among νjR, χL and a new real scalar S. It
breaks the U(1)Q explicitly, but thanks to the large mass
of the νjR, i.e. Mj ∼ |λν |2 × 3.0× 1014 GeV required by
the seesaw mechanism to provide a left-handed neutrino
mass of ∼ 0.1 eV, the breaking of U(1)Q only happens
at this high scale and at low energy it is approximately
conserved. For simplicity, we assume the couplings λjχ
are real, and all CP violating effects come from λijν . The
diagrams relevant to ν1R → χS are shown in Fig. 6, and
standard calculation gives the width asymmetry
χ =
1
Γν1R
[
Γ(ν1R → χS)− Γ(ν1R → χ¯S)
]
(A3)
=
1
Γν1R
∑
k 6=1
−M1
128pi2
M1
Mk
λ1χλ
k
χIm
[
(λ†νλν)1k
](
1− M
2
S
M21
)2
,
where MS is the mass of S. Assuming |λjχ| ∼ |λijν |, we
get
χ ≈ 1
6
(
1− M
2
S
M21
)2
` ≡ cχ`. (A4)
10
Consequently,
ηχ = cχηB . (A5)
Thus, the χ-asymmetry is proportional to baryon
asymmetry, and the coefficient depends on the mass of S.
If MS is close to M1, cχ can be fairly small. For instance
if MS = 4M1/5 then cχ = 0.02. cχ can be easily of ∼
0.01 relevant to this paper, depending on MS as well as
the size of various λν,χ.
Another point is that the vertex χ¯Lφν
j
R must be
forbidden, otherwise χ can decay to the SM particles via
an off-shell νjR and the φ-portal interactions, and hence
the Fermi-ball will disappear. A solution is to assign a Z2
symmetry under which χ and S are oddly charged while
φ, νR and all SM particles are evenly charged. As long as
MS > Mχ, χ is the end of the decay chain of the Z2-odd
particles, and hence stable. In a supersymmetric model,
S might be identified as the superpartner of νR (and S
should be complex in this case) and Z2 as the R-parity.
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